The technology of film production is considered to be essential in biomedical applications of proteins and enzymes. Bio-films have been prepared from a number of proteins including collagen, 1) fibrin, 2) silk fibroin, 3) wool keratin, 4) and their mixtures, 5, 6) and used in protein immobilization, the improvement of enzyme stability, protection from proteolysis and drug-delivery systems. The film formation is dependent on the properties of protein such as self-assembly, self-aggregation and cross-linking activities.
The technology of film production is considered to be essential in biomedical applications of proteins and enzymes. Bio-films have been prepared from a number of proteins including collagen, 1) fibrin, 2) silk fibroin, 3) wool keratin, 4) and their mixtures, 5, 6) and used in protein immobilization, the improvement of enzyme stability, protection from proteolysis and drug-delivery systems. The film formation is dependent on the properties of protein such as self-assembly, self-aggregation and cross-linking activities.
The hard a-keratins are a major cytoskeletal component which belongs to intermediate filaments with a diameter of around 10 nm. 7, 8) These proteins are highly present in keratinized tissues such as animal hair, nail, horn, and feather. To obtain soluble protein components of intermediate filaments, tissues and cells are exposed to a solution containing high concentrations of denaturant and reductant. After dialysis against salt-free buffer, intermediate filament proteins become a monomer and retain the ability for self-polymerization in vitro. [8] [9] [10] Recently, we developed a rapid and conventional method for the extraction of hard a-keratins and matrix proteins from human hair, wool, nail and feather. This method is called "the Shindai Method". [11] [12] [13] The extracted proteins mainly consisted of microfibril keratins with molecular masses of 40-60 kDa and matrix proteins with 10-30 kDa on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The development of a procedure which can convert the extracted hair protein solution to the solid state required for the effective application of human hair as a natural resource.
In this paper, we describe the simple procedures of a-keratin film preparation (called "Pre-cast and Post-cast methods"), the recovery, protein composition and surface of the films. This method was also used for the incorporation of alkaline phosphatase (ALP) into the keratin film.
MATERIALS AND METHODS

Materials
Porcine intestine ALP and anti-alkaline phosphatase monoclonal antibody were purchased from Sigma. 5-Bromo-4-chloro-3-indolyl phosphate (BCIP) was obtained from KPL. Trichloroacetic acid (TCA), perchloric acid (PCA), guanidine-HCl (GHA), p-nitrophenyl phosphate (p-NPP) and horseradish peroxidase-conjugated goat antimouse antibodies were purchased from Wako Pure Chemical Industry. All other chemicals used were reagent grade.
Preparation of Protein Films Pre-cast Method: The human hair protein solution was prepared as previously described.
11) The protein solution (40-60 mg/ml) dissolved in 25 mM Tris-HCl, pH 8.5, 2.6 M thiourea, 5 M urea and 5% 2-mercaptoethanol (2-ME) was mixed with TCA (final concentrations; 0-30%), PCA (final concentrations; 0-30%) and GHA (final concentrations; 0-80%) and quickly poured onto tissue cultured dishes (Falcon) containing 5 ml of distilled water. After standing for 1-2 h at room temperature, the resulting protein aggregates were washed by flowing water over 12 h and then replaced with distilled water for 3 h.
Post-cast Method: This method is based on the same characteristics of the hair proteins to form filamentous structures. The protein solution was directly exposed in tissue cultured dishes containing 5 ml of 0-10% TCA, 0-10% PCA, 0-20% GHA, 0-500 mM HCl, 0-500 mM H 2 SO 4 or 100 mM acetate buffer, pH 4-6 and the formed protein aggregates were washed as mentioned above. These protein aggregates, that are hair protein films, obtained by the Pre-cast and Post-cast methods were thoroughly dried in a silicagel box. The protein recovery of the film was calculated by weighing the dried samples using an electronic balance.
The protein concentrations were determined by the Bradford 14) assay using bovine serum albumin as the standard. Preparation of ALP Incorporated in Keratin Films and Measurement of the Activity ALP from porcine intestine (10 mg/ml) was mixed with the hair protein solution (40-60 mg/ml) and immediately placed in a dish containing 100 mM acetate buffer (pH 5) at 25°C for 60-90 s. The protein films formed were extensively washed with 10 mM Tris-HCl, pH 7.4 and 140 mM NaCl (TBS) for 4-6 times. In the standard assay, the ALP incorporated protein film in 1.8 ml of 40 mM Tris-HCl, pH 8.5, and 1 mM MgCl 2 was preincubated at 37°C for 5 min and the reaction was initiated by adding 200 ml of 100 mM p-NPP. After incubation at 37°C for 0-30 min, 300 ml of liquid was pipetted and added to the test tube containing 100 ml of 3 M NaOH. After slight centrifugation, the absorbance of the supernatant was measured at 405 nm.
Electrophoresis and Immunoblot SDS-PAGE was performed according to the method of Laemmli 15) with a 13.5% slab gel. Proteins in the gel were stained with 0.1% Coomassie brilliant blue R-250, 10% acetic acid and 40% ethanol for 1 h and destained in 10% acetic acid and 40% ethanol. Immunoblotting was carried out by transferring proteins from the SDS-polyacrylamide gels onto a nitrocellulose membrane. 16, 17) After blocking with the 1% bovine serum albumin solution and washing, the membrane was incubated with a 1 : 1000-fold dilution of anti-ALP monoclonal antibody, then with a 1 : 3000-fold dilution of horseradish peroxidase-conjugated goat anti-mouse antibodies. For development, 4-chloro-1-naphthylphosphate was used in the presence of H 2 O 2 .
Scanning Electron Microscopy (SEM) Human hair protein films with or without ALP were prepared on SEM sample-stubs using double-faced adhesive tape and then were made electrically conductive by coating in a vacuum with a thin layer of gold (approximately 5 nm) for 60 s at 1.5 W. The pictures were taken at an excitation voltage of 10 kV and a magnification of ϫ1500. Morphological changes in the keratin films were examined using a scanning electron microscope (Hitachi S-2380N).
RESULTS AND DISCUSSION
Preparation of Keratin Films by Pre-cast and Post-cast Methods
It is possible to prepare high concentrations of protein solution (Ͼ50 mg/ml) consisting of hard a-keratins and matrix proteins when the Shindai method was used for protein extraction from human hair, nail, wool and feather. 11) We used the human hair protein solution obtained by this method for the formation of protein films, because self-assembly was found in the intermediate filament proteins such as keratin, desmin, vimentin, and neurofilaments after the treatment with 6-8 M urea. We found that the additive treatments of the hair protein solution with other denaturants and decreasing ionic strengths rapidly induced protein aggregates. Figure 1 shows the recovery of protein films after mixing the protein solution (3.5 mg) with TCA, PCA or GHA and casting them in distilled water (Pre-cast method). When TCA and PCA were used at 3-30% as the second denaturants, the protein recoveries in the films were greater than 80% (Fig. 1A) , while the maximum recovery was 65% using GHA as the second denaturant (Fig. 1B) .
Next, we developed another method that is based on the same characteristics of a-keratins to form aggregates. The protein solution (3.5 mg) was directly exposed in the solution containing TCA, PCA, GHA, HCl, H 2 SO 4 or acetate buffer (Post-cast method). The maximum yield was greater than 70% ( Table 1 ). The solutions of HCl, H 2 SO 4 and acetate buffer were not applicable to the Pre-cast method as second denaturants. All the films prepared by Pre-cast and Post-cast methods were light brown and water-insoluble (Fig. 1C) . The area and thickness of the films after drying were 3-4 cm 2 and around 10-20 mm, respectively. The original hair amount to obtain 3.5 mg of the protein solution was calculated to be 6-7 mg, which we can usually produce within 1 h on our heads in vivo.
Visualization of Film Surface by Scanning Electron Microscopy We attempted to image the films prepared by the Pre-cast methods (TCA and PCA) using SEM (Fig. 2) . When Hair keratin solution (3.5 mg) dissolved in 25 mM Tris-HCl, pH 8.5, 2.6 M thiourea, 5 M urea and 5% 2ME was directly exposed to the solution containing 5% TCA, 5% PCA, 5% GHA, 100 mM HCl, 100 mM H 2 SO 4 , and acetate buffer (pH 4). After setting for 2 h and washing the resulting protein aggregates, the protein recovered in the film was calculated by weighing. Each value represents the meanϮS.D. (nϭ3).
TCA (5%) was used as the second denaturant in the Pre-cast and Post-cast methods, it could be seen that the surface of the film was covered with filamentous structures (Figs. 2a, c) . On the other hand, when PCA was used instead of TCA, particles with a diameter of 1-2 mm overlapped the filamentous structures from the Pre-cast method, and porous structures with particles overlapped with the surface from the Post-cast method (Figs. 2b, d) .
Protein Composition of Hair Protein Films
Proteins contained in the TCA-film (Pre-cast method) were re-extracted using the Shindai solution and the compositions were analyzed by SDS-PAGE (Fig. 3) . The extracted solution mainly consisted of a-keratins with molecular masses of 40-60 kDa. The contents of the matrix proteins with 10-30 kDa were relatively low compared with the starting human hair protein solution, indicating that the films were mainly composed of a-keratins. Similar electrophoretic patterns were also observed in the films prepared using other denaturants by the Pre-cast or Post-cast methods (data not shown). These results also suggested that the extracted a-keratins possess the ability to form a solid structure, and the fine structure depends on the second denaturants and preparation methods.
Incorporation of ALP into Human Hair Protein Films and the Enzyme Activity
We used this film formation procedure for the incorporation of other proteins and enzymes, because the hair keratin films are insoluble and stable. ALP is a well-known enzyme that is distributed in various tissues and utilized as a reporter enzyme in immunochemical fields. 18, 19) Porcine intestine ALP (0.3 mg) was mixed with hair proteins (6 mg) and exposed to tissue cultured dishes containing 5% TCA, 5% PCA, 5% GHA, 100 mM HCl, 100 mM H 2 SO 4 , and 100 mM acetate buffer (pH 4). The formed films were immediately washed with TBS and the residual ALP activity recovered in the films was measured (Table 2) . Interestingly, the ALP activity was found in the films prepared by casting in the acetate buffer. The recoveries 
. Morphological Observation of Hair Protein Films
Hair protein films were observed by scanning electron microscopy (SEM). a, Pre-cast method (5% TCA); b, Pre-cast method (5% PCA); c, Post-cast method (5% TCA); d, Postcast method (5% PCA). Bars, 5 mm.
Fig. 3. SDS-PAGE of the Extracted Protein from Hair Protein Films
Hair protein films prepared by 5% TCA Pre-cast method (b) and 5% TCA Post-cast method (c) were incubated with 25 mM Tris-HCl, pH 8.5, 2.6 M thiourea, 5 M urea and 5% 2ME at 50°C for 2 d. Extracted proteins were analyzed 13.5% SDS-PAGE. a, Original human hair protein. SO 4 0.21Ϯ0.07
The mixture of hair protein (6 mg) and ALP (0.3 mg) was exposed to the solution containing the denaturant solution for the formation of the protein films. After washing with TBS, the enzyme activity of the films was assayed in the standard reaction mixture described in Materials and Methods. Each value represents the meanϮS.D. (nϭ3).
of the ALP activity and protein amount in the films were examined as a function of pH (Fig. 4) . The optimal recovery of ALP activity was about 8% at pH 5 and both recoveries rapidly decreased over pH 5.2. The films incorporated with ALP prepared by the Post-cast method (100 mM acetate buffer, pH 5) were used in the following experiments.
The presence of ALP in the human hair protein films was examined using SDS-PAGE and immunoblot methods (Fig.  5) . Although ALP was not detected as a band in the Coomassie brilliant blue staining gel, the presence of ALP whose molecular mass is about 95 kDa was detected in the film by the immunoblot. These data suggested that ALP was partially immobilized in the a-keratin films without chemical treatment. SEM showed that the films obtained by the Postcast method (acetate buffer, pH 5) are composed of particles with a diameter of 1-2 mm as in Fig. 2b , connecting structure among the particles, and smooth structure covering them. Addition of ALP had little effect on the fine structure (data not shown).
Properties of ALP Activity in the Hair Protein Films The biochemical properties of the ALP activity in the native solution and films were examined (Table 3) . Divalent cations such as Mg 2ϩ and Ca 2ϩ were essential for the activation of both the native and the incorporated ALP activities because the addition of EDTA completely inhibited both activities. The ALP activity was also activated by the addition of KCl or NaCl. The pH-activities curves were similar between them and the optimal activities were observed around at pH 9-9.5. Both activities were not lost at neutral pH (pH 7.5) and low temperature (20°C). The K m values of ALP for p-NPP were not affected by the incorporation into the film. BCIP is a well-known substrate for the detection of ALP and ALP-conjugated materials, because of its high sensitivity. [17] [18] [19] ALP incorporated into the films also hydrolyzed the substrate like the native one (data not shown). This is the first report describing rapid and conventional methods for preparing a keratin film from human hair proteins with high recovery (60-70%). We also succeeded in the incorporation of an enzyme (ALP) into the film without a chemical reaction. Although the recovery of the ALP activity was low (less than 10%), the activity was stable for at least 14 d (data not shown). These results suggest that the human keratin film can be a delivery vehicle for providing the slow release of biomaterials including enzymes. Furthermore, these films could be prepared and used individually as wound dressings and cosmetic films, because it is relatively easy to collect human hair in large quantity. To improve the extent of protein incorporation into the film, we are now investigating a different procedure for preparing the film under more stable conditions. The enzyme activities of native ALP and ALP-hair protein films were measured in standard assay conditions except that one factor modified as indicated. Each value represents the meanϮS.D. (nϭ4). The formation of hair protein films containing ALP (0.3 mg) was performed in 100 mM acetate buffer (pH 4-6). The enzyme activity (᭹) and protein recovery of the films (᭺) were measured as shown in the legends of Table 2 and Fig. 1 , respectively. Each value represents the meanϮS.D. (nϭ5).
